In the optical conductivity of four different manganites with commensurate charge order (CO), strong peaks appear in the meV range below the ordering temperature T CO . They are similar to those reported for one-dimensional charge density waves (CDW) and are assigned to pinned phasons. The peaks and their overtones allow one to obtain, for La 1−n/8 Ca n/8 MnO 3 with n = 5, 6, the electron-phonon coupling, the effective mass of the CO system, and its contribution to the dielectric constant. These results support a description of the CO in La-Ca manganites in terms of moderately weak-coupling and of the CDW theory.
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The competition between the tendency of electrons to delocalize and the simultaneous presence of interactions like magnetism, Coulomb repulsion, and electron-phonon coupling is the origin of the extremely rich x, T phase diagram of manganites like La 1−x Ca x MnO 3 (LCMO)
1 . It also includes, for 0.5 ≤ x < 0.85 and below an ordering temperature T CO , charge-order (CO) phases 2 which are usually associated with both orbital ordering and antiferromagnetism (AF). For a long time these phenomena were described in terms of stripes of localized charges, where the mixed valence of manganese is split 3 between Mn
+3
ions surrounded by Jahn-Teller-distorted O −2 octahedra and Mn +4 ions at undistorted sites.
This strong-coupling scenario has been recently questioned on the basis of experiments which indicate 4 charge disproportion <1, exclude strong localization 5 , and show 6 that the charge modulation remains uniform when passing from commensurate to incommensurate doping.
A collective sliding of the charge system was also observed, at x = 0.5, in not too strong electric fields 7 . All these results indicate that, in several manganites, the CO phase can be described 8 in terms of the Charge Density Waves (CDW) model 9, 10 , which assumes weak electron-phonon coupling. This hypothesis might be tested by measuring the gap 2∆ which opens in the real part of the optical conductivity σ(ω) below T CO . Indeed, 2∆(T ≃ 0)/T CO = 3.53 in the weak-coupling limit and increases with the charge-lattice interaction. However, different gap values are reported in the literature for similar compounds. They seem to depend on the quality of the samples, on the extrapolation to zero of the mid-infrared σ(ω), on the addition of a pseudogap 11, 12 .
Besides the single-particle excitation at ω > 2∆, the CDW model predicts two collective modes 10 at ω << 2∆, the phason and the amplitudon. The former one is infrared active 10 and its dispersion ω p vs. k is acoustic-like, with ω p ( k = 0) = Ω p = 0. However, either if the CDW is pinned to lattice impurities, or it is commensurate with the lattice 10 , the phason moves to Ω p > 0. The amplitudon is Raman active and its ω a ( k) is similar to that of an optical phonon, with ω a > ω p for any k. Pairs of such peaks were indeed detected at meV energies in one-dimensional conductors like the "blue bronze" family
The lowest-energy member of the pair was assigned to the pinned phason, the other one to a "collective bound resonance" due to the interaction between the collective mode itself and the impurities. The authors reported for the CDW an effective mass m * /m b varying from 700 to 800, where m b is the one-electron band mass.
In the manganite family one has the opportunity to study the excitation spectrum of In the present paper we study, down to frequencies ω min which range from 4.5 to 10 cm and, below T CO , in a highly symmetric AF phase (CE) 16 . Therein, σ(ω) was found to be independent of the crystal direction below 1 eV 15 . Therefore, the ab-plane conductivity of NSMO can be correctly compared with that of the randomly oriented LCMO crystallites.
In the case of n = 7 the AF phase associated with the CO is uniaxial. However the structure is monoclinic and, even if a single crystal were available, the response of different axes could hardly be separated. As shown in Table I The reflectivity R(ω) of all samples was measured at nearly normal incidence, after accurate polishing with sub-micron-thick powders. The sample thickness (2 mm) was such that interference fringes due to multiple reflections were negligible. However, their presencve both in the single crystal ( Fig. 1-a) and in the sample of Fig. 1-b , shows that the pellets are optically homogeneous at long wavelengths. The conventional radiation sources used between 20 and 6000 cm −1 were replaced by the Coherent Synchrotron Radiation (CSR) of the BESSY storage ring 20 from ω min to 30 cm −1 , by just rotating the entrance mirror of the interferometer. In the meV range R(ω) was thus measured 21 with a 1% error at a resolution of 0.5 cm −1 . The samples were thermalized in a He-flow cryostat within ± 2 K, between 300 and 10 K. The reference was the sample itself, coated with a gold film evaporated in situ.
R(ω) was extrapolated to ω = 0 by accurate Drude-Lorentz fits and σ(ω) was obtained by standard Kramers-Kronig transformations.
The reflectivity of the four samples is shown in Fig. 1 . All spectra show the transition to an insulating state below T CO , with the opening of an infrared gap and the appearance of strong phonon bands. The R(ω) of NSMO in Fig. 1 -a is intermediate between that reported for a polished crystal and that of a cleaved crystal 22 . Below T CO , in all samples of Fig. 1 one also observes novel spectral features in the meV range. The lowest-frequency feature is a sharp increase in R, by 10% to 20 %, around 10 cm −1 . In NSMO ( Fig. 1-a) , it might indicate a very narrow free-carrier absorption. However, this was ruled out after considering both that the dc conductivity 22 of Nd 1/2 Sr 1/2 MnO 3 is vanishingly small at low T , and that one cannot fit its R(ω) to a Drude term at low ω. A comparison with the peaks of the other three samples in Fig. 1 suggests that also NSMO has a peak at finite frequency, whose low-energy side is not seen because it is beyond ω min . In the La-Ca manganites a broad absorption is also detected below 100 cm −1 , with the same T -dependence as the main peak.
At T CO all the low-ω features disappear.This is not due to a shielding effect of the free carriers which, around T CO , neither screen the phonons nor their weak shoulders.
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The optical conductivity of the four samples, shown in Fig. 2 , exhibits a weak Drude term above T CO . In NSMO, which at T > T CO is ferromagnetic metallic, σ(ω) increases upon heating, to decrease again above the Curie temperature T c ≃ 225 K (Fig. 2-a ( Fig. 2-a) , where the CO is homogeneous with periodicity Λ = 2a (a = lattice constant), in (Fig. 2-b) , where electron diffraction shows a coexistence of Λ = 2a (25%) and Λ = 3a (75%) 1 . The peak width increases with T in a) and c), as expected, but neither in b) nor in d). These discrepancies may be attributed to the uncertainty in the extrapolation of R(ω) to ω = 0 and to the changes with T of the background reflectivity. We assign the peaks in the meV range to phasons in a "pinned state", consistently with the presence in our samples of both impurities and commensurability. Their frequencies Ω p ( see Table I ) are all larger than in 13 K 0.3 MoO 3 (3.3 cm −1 ) and, in the three samples with CE-type charge order, are found to scale with T CO .
The broad band observed in the La-Ca compounds at ω > Ω p approximately follows the T -dependence of the phason peak and disappears into the Drude continuum above T CO . In La 1/4 Ca 3/4 MnO 3 (Fig. 3) it is shown to be the sum of two contributions. One of them broadens with T like the phason peak at 7.5 cm −1 , while the other one is nearly Tindependent. A similar fit was obtained for La 3/8 Ca 5/8 MnO 3 . We assign those two features to the overtone 2ω p and to a phason-amplitudon combination band ω p + ω a , respectively, basing on the following arguments: i) the CDW theory, once developed to the second order, implies a phase-amplitude mixing 9 ; ii) a combination phason + amplitudon is expected to be infrared active (as its irreducible representation should include that of the phason); iii)
the T -dependent peak shows at 10 K a sharp edge at ≃ 12 cm −1 , a value consistent with the minimum overtone frequency, 2Ω p − δ 2p , for a reasonable anharmonic shift δ 2p ≃ 3 cm −1 ; iv) the frequency predicted for the amplitudon at moderately weak coupling is ∼ 5 meV Both the pinned-phason mode and the amplitudon have a nearly flat dispersion, then a high density of states, close to k a = 0. If therefore ω p + ω a is peaked at Ω p + Ω a , and δ p+a ≃ δ 2p , one obtains the values of Ω a reported in Table I for x = 5/8 and 3/4 (where the side band is better resolved). They allow us to obtain a first description of the CO phase in manganites, including the electron-phonon interaction strength λ. For k = 0 one has
where ω(2k F ) is the acoustic-phonon frequency at twice the 
Therein, we have assumed that all carriers condense into the CDW ground state at T << T CO and we have added the contribution ǫ 0,comb of the combination band. In Eq. 3 one has 2∆ ∼ 800 cm −1 , a plasma frequency Ω pl (T = 300 K) = 1200 (1540) cm −1 , ǫ 0,comb = 34 (36)
for LCMO with x = 5/8 (3/4). By also using the Ω p and Ω a values of Table I, one reported above.
In conclusion, we have first explored in the meV range the optical conductivity of four manganites with different T CO , by using a coherent synchrotron source. We have found sharp peaks which disappear above T CO and are similar to those reported for one-dimensional CDW's. They have been assigned to pinned phasons, followed by broad combinations of phasons and amplitudons. All parameters extracted from the spectra, like the electronphonon coupling and the CO-phase contribution to the dielectric constant, are consistent with a description of the charge order in La-Ca manganites in terms of charge density waves, even at commensurate doping.
